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Point-of-care diagnostic devices present a viable option for the rapid and sensitive detection and anal-
ysis of cancer markers. With the growing number of cancer cases being diagnosed worldwide and the
increased number of fatalities due to late disease detection, biosensors can play an important role in the

Keywords: early diagnosis of cancer. Molecular profiles of patients are being increasingly studied using new molecu-
Cancer markers lar tools such as genomic and proteomic techniques. These methods combined with bioinformatics tools
Biosensors are generating new data which is being employed in the elucidation of new disease biomarkers. As with
Nanomaterials . i . . i . .

Diagnostics many disease conditions finding specific and sensitive markers that are associated with only one type of

the disease can be difficult. In addition to this, the level of the biomarkers in biological fluids can vary
depending on different disease conditions and stages. A number of molecular markers are therefore usu-
ally evaluated for cancer diagnosis and these can include proteins, peptides, over/under expression of
gene markers and gene mutations. This review provides an overview of the biosensor technology avail-
able today, areas which are currently being developed and researched for cancer markers diagnosis—and
a consideration of future prospects for the technology.

Point-of-care devices
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1. Introduction United State and Canada in 2006 [1,2]. In the UK in 2006 there were

154,162 deaths from cancer (Cancer Research UK [3]). Collectively

The early diagnosis of cancer is crucial for patient survival and
successful prognosis of the disease—and for this reason sensitive
and specific methods are required for early cancer diagnosis. Cancer
continues to be the most feared global disease, with prostate, lung,
breast, and colon cancer toping the list of cause of mortality in the
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cancer has also been identified as the second largest cause of
death in most developing countries. The analysis of biomarkers in
blood, urine and other body fluids is one of the methods applied
in the detection of the disease. Multi-marker profiles (presence
and concentration level) can be essential for the diagnosis of early
disease onset. These methods should provide information to assist
clinicians in making successful treatment decisions and increasing
patient survival rate. Existing methods of screening for cancer rely
heavily on traditional methods which are based on cell morphology
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using staining and microscopy. These are invasive techniques based
on taking a biopsy and then examining the tissue using cell fixation
and morphology approaches to identify and detect cancer cells.
These tests, however, are not individually conclusive as tissue
removal can miss cancer cells at the earlier onset of the disease
and further research is needed to develop tests to identify the
malignancy without the need for invasive examinations. More
recent techniques use immunoassays (e.g. ELISA) to detect cancer
biomarkers and these are carried out in hospitals laboratories. How-
ever, in most cases only one biomarker is used as an indicator of the
disease. Immunoassays are very sensitive and selective, but can be
time consuming and expensive. In addition to this some ELISA tests
are not sufficiently sensitive for the detection of low level marker
concentrations which exist in the early stages of the disease. The
use of molecular tools (genomic and proteomics) to create molec-
ular signatures of the disease have been employed recently. These
techniques are producing data which are also useful in understand-
ing the disease, but are complex and require data management as
well as linking to patient information. A more sensitive and rapid
technology platform is therefore needed to fulfil the rapid diagnosis
requirements in cancer detection. Rapid diagnosis will help in pro-
viding better health care and reducing the waiting time for results
dissemination—which can be highly stressful to the patients.

Cancer can be caused by a range of factors and these include
genetic or environmental factors such as the exposure to car-
cinogenic chemicals, radiation or microbiological causes including:
bacterial (e.g. stomach cancer) or viral infections (e.g. cervical can-
cer). As the causes of cancer are so diverse, clinical testing is also
very complex. There are more than 200 distinct diseases associ-
ated with cancer, affecting different part of the body. In cancer,
the disruption of the normal cell signalling pathways leads to the
inactivation of the tumour suppressor genes and the activation
of oncogenes. These multi-factorial changes (genetic and epige-
netic) can cause the onset of the disease and the formation of
cancer cells which will exhibit higher growth capability than nor-
mal mammalian cells. However, in term of diagnosis, no single gene
is universally altered during this process, and the patterns of change
differ in tumours from different locations (organ), as well within
tumours from the same location [4]. All these changes which take
place can be so variable and overlapping that it is difficult to select
a specific change or marker for the diagnosis of specific cancers.
Therefore, a range of biomarkers can potentially be analysed for
disease diagnosis.

New and emerging molecular methods are being used to study
cancer and these are resulting in a better understanding of the
disease as well as the discovery of potential new genomic and pro-
teomic biomarkers. Multi-analyte analysis based on a lab-on-a-chip
point-of-care devices (POC) are needed to overcome the challenges
in cancer diagnosis [5]. To date research in this area is expanding
rapidly and a vast number of new technologies are being developed
in the diagnostics arena. Arange of biosensor platforms are reported
in the literature for cancer disease diagnosis. However, moving
the technology to commercial products may require more time
and investment. The discovery of new molecular markers which
are very specific and sensitive can help in making diagnosis non-
invasive. In this review different markers and biosensor platforms
available for cancer diagnosis, prognosis and disease recurrence
monitoring in the form of point-of-care, are covered and discussed.

2. Cancer markers

Tumour associated antigens have been used as biomarkers for
cancer diagnosis. These comprise cellular molecules that can be
detected in tumour cells, blood, urine, or other body fluids which
are over-expressed due to cancer onset and growth. To date there

Table 1

Known biomarker associated with cancer diagnosis and prognosis.

Cancer type disease Biomarker

Prostate PSA, PAP

Breast CA15-3, CA125, CA27.29, CEABRCAT1, BRCA2,
MUC-1, CEA, NY-BR-1, ING-1

Leukaemia Chromosomal abnormalities

Testicular a-Fetoprotein (AFP), B-human chorionic
gonadatropin, CAGE-1, ESO-1

Ovarian CA125, AFP, hCG, p53, CEA

Any solid tumour Circulating tumour cells in biological fluids,
expression of targeted growth factor receptors
Colon and pancreatic CEA, CA19-9, CA24-2, p53

Lung NY-ESO-1, CEA, CA19-9, SCC, CYFRA21-1, NSE

Melanoma Tyrosinase, NY-ESO-1

Liver AFP, CEA

Gastric carcinoma CA72-4, CEA, CA19-9

Esophagus carcinoma ScC

Trophoblastic SCC, hCG

Bladder BAT, FDP, NMP22, HA-Hase, BLCA-4, CYFRA 21-1

are a range of biomarkers which have been identified with different
types of cancers. These include DNA modifications, RNA, proteins
(enzymes and glycoproteins), hormones and related molecules,
molecules of the immune system, oncogenes and other modified
molecules. New advances in proteomics and genomics research
are resulting in the elucidation of new biomarkers. Combining this
with toxicology studies and high throughput strategies, multiple
antigens can be identified and used as biomarkers for diagno-
sis. Protein micro-arrays, serological analysis of recombinant cDNA
expression libraries (SEREX) as well as serological proteome anal-
ysis (SERPA) technologies have been some of the chosen strategies
used to identify tumour associated antigens [2]. A range of can-
cer markers have been identified using SEREX such as the breast
cancer antigens NY-BR-1 and ING-1 and cancer testis antigens,
CAGE-1 and ESO-1 [6-8]. A number of genes have been identi-
fied as being associated with specific cancers and can be classified
as accurate predications of risk. Hereditary cancers include those
associated with colorectal cancer with mutation in the HNPCC or
FAP gene—and breast-ovarian cancer with mutations in BRCA 1/2
genes. Biomarkers which have been marked as being reliable for
diagnosis and prognosis of the disease are listed in several reference
cancer databases (e.g. National Centre for Biotechnology Informa-
tion (NCBI), Cancer Research UK [3]) and literature [4,9,10]. Table 1
shows a collated list of markers associated with different cancers.
Markers can be used for early diagnosis, disease monitoring and
prognosis as well as predictive markers. Many markers are still
going through evaluation to improve their specificity and sensi-
tivity in the context of their clinical use [11]. Guidelines have also
been developed for the best way to report tumour markers dis-
covery studies, so that these studies can be transparent and easily
understood in the context of their conclusions [12].

Biomarkers can either be present inside the cancer cells or be
extracellular. If the markers are inside the tumour cells, then these
need to be collected and enriched (if the concentration is very
low) with the cells needing to be lysed to release the biomark-
ers before analysis. Enrichment methods to select tumour cells
have been reported and these include immunomagnetic separation
using magnetic beads [13-15] and centrifugation using a density
gradient [16]. The thresholds of some basic tumour markers in
human serum are listed in Table 2 [9,10].

Over-expressed proteins as a result of cancer cells growth have
been employed as biomarkers for cancer diagnosis. As an exam-
ple, prostate specific antigen (PSA), which is responsible for the
liquefaction of seminal fluid and is also present in the serum of
male patients, is used as a biomarker [17]. The level of PSA can be
markedly raised in the serum due to prostate cancer. Therefore, this
protein has been used as a marker for prostate cancer for both diag-
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Table 2

The thresholds of basic tumour markers in human serum [9,10].

Tumour markers Thresholds Tumour markers Thresholds
NSE 12.5mgl-! CEA 3pgl!
PSA 4pgl! CA125 35kUI!
GST 32Ul CA153 25kUI-!
ALP ~0 CA27-29 36.4kUl-!
CT 100ng ! CA549 11kUI-!
SCCA 1.5pgl! CA19-9 37kUl-!
Ferritin 250 pgl-! CA50 14-20kU 1!
hCG 5.0I1U1! CA242 20kU 1!
AFP 10pgl-! CA72-4 6kUI-!

nosis and monitoring. However, although PSA is a highly sensitive
marker its specificity is low. Therefore, a multi-marker diagnosis
may aid in the increase of the specificity of point-of-care tests used
for prostate cancer detection. For breast cancer for example, CA
15-3, estrogen receptor, progesterone receptor and her2-neu are
all proteins associated with this disease—while for ovarian cancer,
CA125 is a protein marker. New fields of cancer biomarker dis-
covery also include monitoring of volatiles in blood and urine as
indicators of the disease. This research area is in its infancy and
therefore volatile biomarkers which are associated with cancer are
still limited. As an example, studies on breast cancer have seen the
utilisation of alkanes, methylated alkanes and conjugated dienes as
markers of oxidative stress—and have been shown to exhibit some
diagnostic specificity [18].

Molecular tools (genomic and proteomic) such as PCR, South-
ern blotting, DNA sequencing, etc. are being used to investigating
DNA methylation and biomarkers discovery. The use of reverse
transcriptase polymerase chain reaction (RT-PCR) assays for can-
cer genes expression analysis is also increasing. This test is used
for predicting increase risk of disease in patients [19]. However, the
above procedures are lab based, complex, slow and require expe-
rienced personal to conduct the analysis. They are also reported
to not be sufficiently precise for clinical applications [20]. There-
fore, the development of protein based biomarkers for disease
diagnosis rather than genetic markers has significantly increased
in recent years. The use of biosensors for protein biomarkers
analysis has therefore been further highlighted as an attractive
and cost effective technique for the development of point-of-care
devises.

3. Biosensors as diagnostics tools

A biosensor is defined as a bioanalytical device incorporating
a molecular recognition entity associated with or integrated with
a physicochemical transducer (Fig. 1). Biosensors can be classified
as point-of-care devices (POC) which can bring the capability of
analysing clinical samples in the home or at the doctor’s surgery.
In order to develop appropriate biosensor technologies, specific
markers need to be identified to ensure specificity of the devices.
Biosensors provide advanced platforms for biomarker analysis with
the advantages of being easy to use, inexpensive, rapid and robust
as well as offering multi-analyte testing capability. For cancer diag-
nosis multi-array sensors would be beneficial for multi-marker
diagnosis (multiplexing capabilities). Sample preparation is usually
incorporated as part of the sensor system such as glucose sensors
which contain microfluidics and membrane separation systems for
blood samples handling.

3.1. Molecular recognition element

In order to recognise specifically the cancer biomarker, the opti-
mal recognition materials should be implemented as the receptor
molecule in the biosensor design. This is especially important for
medical diagnosis since the sensitivity and specificity of the sens-
ing molecules will play an important part in the success of the
sensor device. A range of molecular recognition entities have been
used for biomarker detection. The most widely used is the antibody
molecule, which provides the specificity and sensitivity required
for low levels of molecular detection. More recently, synthetic
(artificial) molecular recognition elements have been fabricated
as affinity materials and used for analyte detection and analysis.
These type of materials can include nanomaterials and membrane
structures and can comprise molecular imprinted polymers (MIPs),
aptamers, phage display peptides, binding proteins and synthetic
peptides as well as metal oxides materials [21-24].

Antibodies (monoclonal and polyclonal) have been applied in
cancer treatment as therapeutics targeting tumours inside the body
and are also used in diagnostics tests targeting cancer cells and
biomarkers [25]. Polyclonal antibodies can be raised against any
biomarker or cells and with the introduction of high throughput
techniques, applying these molecules in sensors has been suc-
cessful [26]. The use of monoclonal antibodies however, results
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Fig. 1. Construction of a biosensor.
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in more specific tests. The drawbacks include that monoclonal
antibodies are more difficult to maintain and can be more expen-
sive than polyclonal antibodies. A range of antibodies are now
commercially available for specific cancer markers, and with the
emergence of new markers, new antibodies can be raised specif-
ically for them. Many ELISA tests, dipsticks and assays have been
developed for cancer diagnosis using antibodies. Antibody frag-
ments and molecular-engineered antibodies have been developed
for biosensor applications. The use of direct and combinatorial
mutagenesis has been applied to enhance the affinity and selec-
tivity of recombinant antibodies. However, a lack of stability of
the antibody molecule makes this approach unsuitable for long
term device storage and hinders wider application and commer-
cialisation. Replacing natural biomolecules with artificial receptors
or biomimics has therefore become an attractive area of research
in recent years [27]. The advantages of using these molecules are
that they are robust, more stable and inexpensive to produce since
they can be made using wet chemistry approaches and can be mod-
ified easily to aid immobilisation on the sensor surface as well as
adding labels as the maker for detection. They also obviate the use
of animals in the production of affinity receptors as is the case in
polyclonal antibodies.

The use of phage display technology to screen libraries for spe-
cific receptor molecules is being rapidly applied in the diagnostics
arena. This is to identify specific peptide sequences with affinity
towards target analytes [28-32]. Peptide ligands have been iden-
tified from screening phage display libraries that target specific
cancer biomarkers, such as HER2/neureceptor, ErbB-2, and ICAM-
1 [33,34]. Combinatorial libraries with peptides synthesised on
beads are mainly used for drug discovery applications but more
recently they have also been applied for receptor ligands selection
by screening them against specific analyte targets [35,36]. Pep-
tides that recognise the ag[3; integrin expressed on the prostate
cancer line DU145 have also been identified [37]. Peptides can be
chemically synthesised in large quantities once the optimal peptide
with the required affinity has been identified. However, peptides
have relatively lower affinity (K; ~ 10~6 to 10-7 M) when compared
to antibodies and therefore designing the assay is important for
developing successful sensing methods when incorporating these
in sensors. Research in the development of higher affinity peptide
as ligands also needs further investment.

Aptamers (derived from the latin aptus, meaning ‘to fit’) are syn-
thetic nucleic acids ligands (DNA or RNA) which can be selected
from combinatorial libraries of synthetic nucleic acids, to have spe-
cific affinity for a target molecule such as cancer biomarkers. Using
synthetic evolution of ligands (SELEX), process aptamers can be
selected from random pools and produced [38,39]. These can be
selected against drugs, proteins and other analytes and used as
receptors in sensor devices [40]. Aptamers are attracting interest in
the area of diagnosis and are being developed to be implemented in
future devices. Aptamers have been selected that claimed to have
high affinity (K; ~10~8 to 10-2 M) for target molecules. However,
their specificity in most cases is lower than antibodies. Detection
of aptamer-protein interactions using label-free electrochemical
detection systems based on impedance spectroscopic transduction
have been reported [41].

The use of organic polymers to specifically imprint the target
molecule has been carried out and the production of molecular
imprinted polymers as synthetic receptor has been realised [42,43].
Molecular imprinting polymerisation has been the focus of intense
research interest in the past 10 years and to date is being consid-
ered in a wide range of application areas, e.g. in the preparation
of selective separation materials and as sensing layers in sensor
devices [44,45]. MIPs are usually produced by forming a highly
cross-linked organic polymer around the molecule of interest
(analyte target/template). A recognition of proteins such as cancer

biomarkers using molecular imprinting polymers is relatively a
new area. A recent example is the work reported by Jégourel et al.
[46], who developed a molecular imprinted polymer for extract-
ing pyrimidine nucleoside cancer markers in urine. Attempts at
printing of amino acids derivatives [47] small peptides [48] and
proteins [49] have all been undertaken with limited success.

The construction of peptide receptors based on the molecular
imprinting approach has recently been carried out [50,51]. In this
approach amino acids are used as the functional monomers for the
polymerisation process around the template which is the molecular
analyte target. The use of molecular modelling has been applied for
the selection of the highest affinity monomers to be used in the con-
struction of MIPs. The construction of virtual libraries of functional
monomers against target molecules followed by the selection of the
highest binding score monomers as the building blocks has been
undertaken within many studies [52-55]. The software facilitates
calculations using different dielectric constants to reflect the polar-
ity of the environment (solvents) in which the polymers have to be
prepared or used. Molecular imprinted polymers are conceptually
attractive due to their ease of preparation, high thermal and chemi-
cal stability and long shelf-life in conditions of ambient temperature
and humidity. However, the major disadvantage is that MIPs require
atemplate (pure form of the analyte) to produce the synthetic poly-
mer which can in some cases represent a significant cost. Also their
application as sensing layers in sensor devices has been limited
due to their low specificity and sensitivity when compared to the
antibody molecule.

3.2. Transducers

Atransduceris the device that converts recognition signal events
into electrical (often digital) signals—and can be electrochem-
ical (amperometry, potentiometry, conductimetry/impedimetry),
optical (colorimetric, fluorescence, luminescence, interferome-
try), calorimetric (thermistor), mass change (piezoelectric/acoustic
wave) or magnetic in nature [56]. Electrochemical transducers are
the most widely used in sensor technology, however recently, opti-
cal and QCM type of sensors are becoming more popular and their
use is expanding in practical applications. The main reason for this is
that most electrochemical systems still require the use of a reporter
molecule such as enzyme labels where a substrate mixture needs
to be added for the assay results to be monitored. In an optical sys-
tem the binding event between the receptor used on the sensor
surface and the biomarker can be detected directly. In a piezoelec-
tric/acoustic system, the change in mass due to the binding between
the biomarker and the receptor on the sensor can also be moni-
tored directly. A range of sensors have been developed for cancer
markers diagnosis and these have been reviewed by several authors
[9,10,4,57,58].

3.2.1. Electrochemical transducer

Electrochemical biosensors are used in point-of-care devices
since they are portable, simple, easy to use, cost effective and
in most cases disposable. The electrochemical instruments used
with the biosensors have been miniaturised to small pocket size
devices which make them applicable for home use or the doctor’s
surgery. The glucose biosensor is the most widely used example
of an electrochemical biosensor which is based on a screen-printed
amperometric disposable electrode. This type of biosensor has been
used widely throughout the world for glucose testing in the home
bringing diagnosis to on site analysis. Another development in this
area is the hand held i.STAT clinical analyser which combines sev-
eral electrochemical biosensors on a single chip and is used for
multiple electrolytes and metabolites in clinical samples. Electro-
chemical affinity sensors based on antibodies offer great selectivity
and sensitivity for early cancer diagnosis. A range of electrochemical



LE. Tothill / Seminars in Cell & Developmental Biology 20 (2009) 55-62 59

transducers are used and these include amperometric, potentio-
metric and impedimetric/conductivity devices.

Amperometric and potentiometric transducers have been the
most commonly used, but much attention in recent years has been
devoted to impedance based transducers since they are classified
as label-free detection sensors. Recent reviews in the use of electro-
chemical biosensors for cancer diagnosis have been reported by Lin
and Ju [58] and Wang [59]. For cancer biomarkers analysis, bioaffin-
ity based electrochemical biosensors are usually applied to detect
gene mutations of biomarkers and protein biomarkers. However,
much of the technology is still at the research stage. Electrochemical
devices have been developed based on DNA hybridisation and used
for cancer gene mutation detection. In this type of device a single
stranded DNA sequence is immobilised on the electrode surface and
when DNA hybridisation takes place, detection is conducted using a
range of methodologies. Techniques which have been used include:
the use of guanine oxidation (label-free); the use of enzyme or redox
labels to generate the signal or changes in the electrochemical signal
due to changes in conductivity or capacitance due to the formation
of DNA duplexes on the electrode surface. Wang and Kawde [60]
employed chronopotentiometric transduction for label-free gua-
nine based electrochemical detection of mutations related to breast
cancer genes BRCA1 and BRCA2. Tansil et al. [61] also reported the
detection of cancer marker genes from breast tissues using the cat-
alytic oxidation of the guanine nucleobase.

ELISA based assays conducted on the electrode surface are the
most frequently used techniques for cancer protein markers anal-
ysis. In this method the antibody (or antigen) is labelled with an

enzyme such as horseradish peroxidase (HRP), or alkaline phos-
phatase (AP) and these will then catalyze an added substrate to
produce an electroactive species which can then be detected on
an electrochemical transducer. Electrochemical detection of pro-
tein markers is more widely used for cancer analysis. Changes in
the electrochemical properties (conductivity or capacitance) on the
sensor surface due to the antibody antigen interaction can also
be used as the detection principle. The use of Faradic impedance
spectroscopy has been reported for the analysis of CEA biomark-
ers using gold nanoparticle modified glassy carbon electrodes [62].
Table 3 lists examples of electrochemical biosensors which have
been developed for cancer biomarkers analysis. Patterns of protein
profile can be detected on a single chip with multi-array working
electrode, where different antibodies are immobilised to detect a
specific marker. These types of transducers can be easily fabricated
using screen-printing technology or via the use of semiconductor
chips with macro/micro-array patterns. In order to develop prac-
tical devices for commercial developments, problems of binding
between heterogeneous antigens and antibodies used in the sensor
assays—and also the high background signals need to be eliminated
and controlled.

3.2.2. Optical transducers

Optical transducers used in biosensors include fluorescence,
interferometry and spectroscopy of optical waveguides and surface
plasmons resonance (SPR). Many commercially available platforms
use fluorescence labels as the detection system. However, the
instruments used for signal readout are usually expensive and are

Table 3

Examples of biosensors for cancer biomarkers analysis.

Cancer marker detected Biosensor principle Assay principle Limit of detection Reference

AFP Electrochemical Protein array with 36 platinum - [95]
electrodes.

Prussian blue with screen-printed (range 5-500ng ml-') [96]
amperometric sensor.

AFP and CEA Electrochemical Dual-electrode with amperometric 1ngml-! [71]
detection.

CA15-3 Electrochemical Antibody functionalised sol-gel film 5Uml! [97]
with potentiometric detection.

CA125 Electrochemical Capillary electrophoretic. - [98]
Titania sol-gel on glassy carbon 1.29U ml~! (range 2-14Uml-1) [99]
electrode with direct electrochemical
detection of HRP.

CA19-9 Electrochemical Titania sol-gel on carbon electrode as - [100]
an amperometric immunosensor.

CEA Electrochemical Faradic impedance spectroscopy using - [62]
gold nanoparticle modified glassy
carbon electrode.

Immobilised thionine as a mediator (range 0.6-17 ngml-1, 17-200 ng ml~') [101]
between the electrode and
HRP-labelled antibody.
Direct electrochemical detection of 0.4ngml-! (range 0.5-3.0ngml~', 3.0-120ngml-1) [102]
HRP in an immunosensor.

Optical Chemiluminescence immunosensor. - [103]

Ferritin Mass sensitive Antibody immobilised on gold chip of a (range 0.1-100ng ml—') [67]
quartz crystal microbalance.

Optical SPR based immunosensor. - [104]

hCG Mass sensitive A multi-channel piezoelectric quartz - [68]
micro-array immunosensor.

Optical Fluorescence immunosensor. (range 25-1500U ml-!) [105]

PSA Electrochemical Gold coated microporous membrane. - [106]
Amperometric disposable electrode. 0.25ngl! [107]
Capacitive immunosensor using lateral - [108]
flow and impedance detection.

Mass sensitive Antibody immobilised on gold chip of a - [66]
quartz crystal microbalance.
Microcantilever immunosensor. - [109]
Microcantilever immunosensor. (range 0.2-60 pgml-1) [80]
Optical SPR with colloidal gold nanoparticles. 0.15ngml-! [110]
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more suitable for laboratory settings. As an example the Affymetrix
gene chip (Affymetrix Inc., Santa Clara, USA) can be used for screen-
ing cancer for cancer gene identification. Other biosensor platforms
such as grating couplers, resonant mirrors and surface plasmon
based systems have also been used for cancer biomarkers diagno-
sis. These are classified as label-free and real-time affinity reaction
detection systems. SPR systems such as the BiaCore™ biosensor
chip (GE Health Care, USA) are amongst the most widely used opti-
cal transducers used as a biosensor platform. Their use for cancer
biomarkers detection has been reported in several applications.
Other companies have also produced SPR sensors including Texas
Instruments, Nippon Laser and Electronics Laboratories. Different
SPR based biosensors have been developed for cancer markers
detection based on the above optical systems, some of which are
reported in Table 3. However, these sensors are usually more suit-
able for laboratory based testing rather than point-of-care devices
for on site analysis.

3.2.3. Mass sensitive transducer

This type of transducer is also classified as being a label-free
technology. Piezoelectric sensors comprise a quartz crystal coated
with a gold electrode and are used as microbalances (QCM) sen-
sitive for a changes in the mass on the sensor surface [63]. QCM
devices have been used for a wide range of applications in the medi-
cal field [64,65]. Piezoelectric immunosensors are usually designed
to detect cancer markers where the specific antibody isimmobilised
on the sensor chip. More advanced devices are now available on the
market based on this technology. One example is the QCMA 1 Sen-
sor instrument (Sierra Sensors GmbH, Hamburg, Germany) which
is fully automated. This is being used at Cranfield University (Eng-
land, UK) to develop an affinity sensor for PSA analysis. The assay is
based on the use of a gold chip with antibody immobilised on the
surface of the sensor. Good sensitivity has been reported using this
system [66]. Piezoelectric immunosensors for human ferritin [67]
and hCG [68] have also been proposed.

Recently, microcantilever based sensors have also been applied
for cancer biomarkers detection. Affinity interactions between the
antibody on the surface of the cantilever and the biomarker are
detected through the amount of bending of the sensor due to mass
changes which are detected as changes in the resonant frequency
[69]. Table 3 also lists examples of mass sensitive transducers based
Sensors.

3.2.4. Simultaneous multi-marker detection

Multi-cancer markers based detection systems have also been
reported in the literature. Many are based on the use of multi-ELISA
assays on the same chip to detect several analytes at the same time
by using the immunosensor principle. Wu et al. [9,10] reported on
the development of a disposable electrochemical immunosensor
for simultaneous determination of CA19-9 and CA125—with lim-
its of detection of 0.2 and 0.4U ml~! respectively. A flow-through
multi-analyte sensor for CA125 and CEA was developed by Fu et
al. [70]. Other examples of multi-marker sensors include those
reported by Wilson [71], Wilson and Nie [72].

4. Nanomaterials application in biosensing

The use of nanomaterials and structures such as semiconduc-
tors and conducting polymer nanowires for biosensor applications
is expanding rapidly and many comprehensive review articles are
now published such by Willner et al. [73] and Katz et al. [74]. Nan-
otechnology application in biosensors development can range from
the transducer device, the recognition ligand, the label and the
nanorunning systems. Their increased use is due to the excellent
advantages offered by these materials via miniaturisation of the
devices, signal enhancements and amplification of the signal by

nanoparticle labels which increase sensitivity and also allow the
fabrication of multiplex sensor systems such as high density protein
arrays [75,76]. The high surface to volume ratio offered by nano-
materials makes these devices very sensitive and can allow single
molecule detection which is very attractive in cancer diagnosis. The
use of nanowire transducers can offer greater sensitivity in affinity
sensors [77,78]. Microcantilever devices which bend due to changes
in surface mass as a result of affinity reactions are also being devel-
oped and applied for cancer biomarkers detection [79,80].

The use of luminescent nanocrystals (Quantum dots) as molec-
ular labels to replace fluorophores has created new applications
for nanomaterials in cellular labelling and visualisation [81-84].
These nanocrystals can be attached to molecules for intracellular
tracking or as labels for antibodies and other molecules to detect
cancer cells or biomarkers. Quantum dots show distinct advantages
over other markers due to their spectroscopic properties and nar-
row emission peaks and for this reason their use in multiplexed
analysis is increasing. Their high emission quantum yield results
in improved signal/noise ratios and therefore a decrease in false
readings (negative and positive).

The use of striping voltammetry for detecting metal nanoparti-
cals has been applied where these metals have been used as marker
tags. Gold and silver nanoparticals can be used in these methods
including different inorganic nanocrystals (e.g. ZnS, PbS, and CdS)
for detecting biomarkers. Several products are available on the mar-
ket such as Oxanica (UK) Quantum dots and MultiPIxBeads™ from
Crystalplex Corp., USA. Oxanica also market the NANOPLEX™ prod-
uct which is based on a lateral flow device and uses nanoparticals
for biomarker detection. Nanoparticals can also be exploited in con-
ductivity based sensors where they can induce a change in the
signal upon the attachment of the nanoparticle-antibody conju-
gate, tagged with the captured antigen on the sensor surface. Choi
et al. [85] reported the use of gold nanoparticles to detect prostate
specific antigen using SPR. This sensor system showed a detection
limit of 300 fM of the cancer marker.

The development of micro/nanosensor devices for cancer
marker diagnosis is increasing due to their extremely attractive
characteristics for this application. Their novel electron transport
properties make them highly sensitive for low level detection
[86,87]. The multiplex analysis capability is also very attractive
for multi-biomarker analysis. The use of antibody functionalised
silicon chips as sensor arrays, conducting polymer nanowires and
carbon-nanotubes have been reported recently for cancer biomark-
ers diagnosis [88-90].

5. Microfluidics

In order to develop a hand held biosensor device that can be
used outside the laboratory, a microfluidic system needs to be incor-
porated as part of the sensor device. Integrated microfluidics will
enable samples and fluids to move in point-of-care devices (lab-
on-a-chip) so that the reaction takes place efficiently on the sensor
surface [91,92]. Advances in the development of microfluidics is
increasing and different moulding and fabrication technologies
have been applied, such as photolithography and using quartz, sil-
ica, glass or composite materials and chips. These approaches will
then produce a fully integrated lab-on-a-chip system that allows
multi-analyte analysis. Systems for cell separation from blood sam-
ples and other fluids have been reported in the literature [93,94].
However, most of the multi-array sensor chips for on site sensing
are still in development and in the research stage.

6. Conclusions

It is crucial to diagnose cancer early for the successful treatment
and recovery of patients suffering from the disease. There is there-



LE. Tothill / Seminars in Cell & Developmental Biology 20 (2009) 55-62 61

fore a need for simple and sensitive diagnostics methods that can
detect multiple cancer biomarkers that exist at low concentrations
in biological fluids. Biosensors can fulfil these requirements [111].
However, biosensor devices need to be further developed to face
these new challenges to allow, for example, multiplex analysis of
several biomarkers where arrays of sensors need to be developed
on the same chip. Future innovation in biosensor technology
to include biomarkers patterns software and microfluidics can
make these devices of high potential for this application area. The
concept of using nanomaterials in the development of sensors for
biomarkers diagnosis will make these devices highly sensitive and
more applicable for point-of-care early diagnosis. Early diagnosis
will aid in the increase in the survival rate and successful devel-
opment of biosensors for cancer diagnosis will require appropriate
funding to move the technology from research through to the
realisation of commercial products.
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